was used to identify discrete COPII binding sequences
(Figure 1 and Experimental Procedures). Second, the
Three of Four ER-Golgi SNAREs Bind to the Sec23/24 Complex interactions were substantiated using X-ray crystallography by forming cocrystal complexes between SNARE To test for coat-SNARE interactions, we expressed cytosolic domains of the SNAREs fused to the N terminus peptides and Sec24 (which was the binding partner in all cases) and observing electron density that matched of glutathione S-transferase (GST), then immobilized the fusion proteins on glutathione Sepharose beads and the SNARE sequences (Figures 2 and 3) . Third, an alanine scan of each SNARE peptide determined the contriprobed for binding to Sec23/24. Purified Sec23/24 was diluted with E. coli cytosolic proteins, and the specificity bution of individual side chains to binding, via a homogeneous (fluorescence polarization) assay (Figure 3) . of the interactions was assessed by the enrichment of Figure 1F , lanes 6-8). Sec23/24 ap-2). Sec23/24 bound to the Bet1 and Sed5 GST fusions and more weakly, but nevertheless specifically, to pears not to interact with the Bos1 cytosolic region or fragments thereof, within the detection limit of this assay Sec22-GST ( Figure 1A Figure 1G) , and then examined the In some syntaxin SNAREs, the NRD folds back against the SNARE motif, to stabilize an autoinhibited state that interaction of the N-terminal domain and the C-terminal spite the low affinity of LxxME; by contrast, neither the YNNSNPF sequence nor Sec22-GST had any effect (see suggested that Bet1 and the Sed5 LxxME sequence might bind to a common site on Sec23/24. To test Experimental Procedures for exact sequences used). For completeness, we tested which peptides compete whether the LxxLE sequence accounts for Bet1 binding to Sec23/24, we introduced the mutations 51 Lxx(LE→AA) 55 for the A site ( Figure 5A ). As expected, the LxxME sequence had no effect, and this site appeared to be speinto Bet1. Binding of Sec23/24 to this fully mutant form was reduced to background levels ( Figure 1D , and bility of these motifs may be dependent on the assembly state of the SNAREs; the Sec24 A and B sites would found that it bound to Sec24 ( Figure 1E ). Crystallographic analysis, using this sequence, showed that the then be selective toward particular states. To test this, we purified v-/t-and t-SNARE-GST complexes (Figure DxE signal binds to the B site ( Figures 2D and 4) . Strong electron density for the bound peptide (this peptide was 6A), incorporating appropriate mutations in the LxxLE, YNNSNPF, and LxxME motifs, and measured whether highly soluble) revealed that the binding mode shares some features with the Lxx-L/M-E motif. In particular, they could displace fluorescent reporter peptides from the Sec24 A and B sites. Figure 6B ; see Experimental Procedures for affinities determined from curve fits). By contrast, the fully mutant form of Bet1 present at the same concentration (12 M) did not bind, confirming that the interaction was via the LxxLE motif. Notably, the v-/t-SNARE complex, assembled from wildtype Bet1, Bos1, Sec22, plus fully mutant Sed5, did not bind when added at 12 M; its effect was essentially the same as the buffer control ( Figure 6B) . We conclude that the LxxLE motif of Bet1 is indeed occluded in the v-/t-SNARE, and that COPII is selective toward the free v-SNARE form of Bet1. Figure 1G ). The putative closed state, represented by the Sed5 cytosolic domain fused to GST, was problematic because as much as 30% of the protein preparation was truncated ( Figure 1A, lane 12) . We created a dual-tagged form of Sed5-GST, and reduced the degraded material to ‫%01ف‬ (see Experimental Procedures).
Closed Conformation of Sed5 Occludes the YNNSNPF Motif
First, we focused on the YNNSNPF sequence because it appears to be the dominant motif in terms of affinity (‫-91ف‬fold higher than LxxME); thus, the mutations Lxx(ME→AA) were incorporated in all proteins in Figure  6C . ⌬Sed5, present at 30 M, displaced the reporter peptide from the A site, and bound with approximately the same affinity as short YNNSNPF peptides ( Figure  6C and Experimental Procedures). Fully mutant ⌬Sed5 (40 M) did not bind, confirming that the interaction was via the YNNSNPF motif. Strikingly, a high concentration (45 M) of intact Sed5 gave only a weak binding signal. 
Margittai et al., 2003). We tested the ability of t-SNARE B sites are both involved in t-SNARE binding, with Sed5
LxxME amplifying the YNNSNPF-based mechanism for complexes (Bos1/Sec22/Sed5, all including the Lxx(ME→AA) mutations) to bind to the Sec24 A site t-SNARE selection. (Figure 6D ). Importantly, a t-SNARE (40 M) containing the wild-type YNNSNPF sequence bound to the A site Discussion with approximately the same affinity as short YNNSNPF peptides. By contrast, the control t-SNARE (also 40 M)
We have described a set of interactions between COPII and ER-Golgi SNAREs, involving discrete peptide seincorporating the YNNS(N→A)PF mutation registered only a slight ‫%31ف(‬ of wild-type) binding signal, which quences of 10-15 residues which we imply will function as transplantable signals for ER export in a suitable we believe is due to a nonspecific interaction between the t-SNARE and the fluorescent reporter peptide. We experimental system. The authenticity of the interactions was established by X-ray crystallography, but the propose that t-SNARE assembly exposes the YNNSNPF motif to promote the interaction with COPII. To corrobostructural view is deceptively simple as biochemical analysis showed that the Sec24 A and B sites are able rate the results, we repeated the experiments with v/t-SNARE complexes, and found that v-/t-SNARE asto discriminate among SNAREs according to their assembly state. sembly (incorporating mutant Bet1) also exposed the YNNSNPF motif ( Figure 6D ).
Finally, we tested whether the Sed5 LxxME sequence Architecture of the Prebudding Complex Sec23/24-Sar1 is a flat, elongated particle with a con-(located in the linker region just upstream of the SNARE motif) was affected by SNARE conformation or assemcave membrane-proximal surface (Bi et al., 2002) . The A and B sites are located on opposite sides of Sec24 bly ( Figures 6E and 6F ). Unlike YNNSNPF, LxxME bound to Sec24 in both the open (⌬Sed5) and closed states of on the periphery of this surface, and we estimate that they will reside ‫02ف‬ Å from the bilayer in membrane the Sed5 molecule, with similar affinities ( Figure 6E and Experimental Procedures). And, unlike LxxLE on Bet1, bound COPII. A transmembrane protein would need to extend as few as 20-25 residues into the cytoplasm LxxME was not occluded in a v-/t-or t-SNARE complex ( Figure 6F ). Given these results, and the inherent weakto span this distance (7-10 residues) and occupy the binding site (10-15 residues). This suggests that most ness of the COPII-LxxME interaction, what role, if any, does LxxME play in Sed5 selection? We tested whether cargo and SNAREs will lie laterally against or loop back toward the membrane to bind Sec24. LxxME could combine with YNNSNPF to increase the affinity of the open form of Sed5 (⌬Sed5) for COPII (FigThe Sec24 B site was noted previously as a potential signal binding region because its constituent residues ure 6E). Indeed, the bipartite motif bound more tightly than LxxME alone, with K d ϭ 1.9 M. This is the tightest are almost invariant across species (Bi et al., 2002) . Likewise, LxxLE-related motifs are conserved in Bet1 interaction we observed in this study, but the avidity effect is nevertheless quite modest (compared with K d ϭ proteins (e.g., YxxCE in humans, HxxLE in Drosophila) both in terms of sequence and in position along the 2.7 M for YNNSNPF alone). We note that our solutionbased assay can only report on intramolecular biva-SNARE motif. We note that the Sec24 homolog, yeast Lst1, which fails to package Bet1 into vesicles, has critilency, and that while the bipartite motif is long enough to traverse the Ͼ80 Å distance between the A and B cal residue changes at the B site that may explain loss of binding: in particular, residue Leu582 of Sec24 (Figure sites, the corresponding intermolecular distance in a polymerized COPII coat might well be shorter, and the 3F), which forms van der Waals contacts with Bet1 LxxLE, is changed to aspartic acid (Miller et al., 2002) . avidity effect larger. We suggest that the Sec24 A and Neither the Sed5 YNNSNPF motif nor residues of the A in the N-terminal region of the v-/t-SNARE helical bundle, but is available for COPII binding in the unstructured site are conserved across species. A plausible explanation is that the shape-based recognition principle of free v-SNARE. The relevance of this finding to the physiological setting must be tested experimentally. For the A site has allowed some divergence of sequences, whereas the side chain-chemistry-based recognition of now, we refer to this mechanism of coat selectivity as v-SNARE conduction, to convey the notion that the spethe B site is more restrictive in this regard. Alternatively, Sed5/syntaxin-5 homologs may be selected via distinct cific recognition process causes the transport of the v-SNARE from donor membrane to vesicle. Related coat sites. Studies of syntaxin-5 binding to mammalian Sec24 should address this issue. selectivity mechanisms may involve the conduction of fusogenic or nonfusogenic forms of SNAREs.
COPII Selects SNAREs According to Their
Assembly State: Specific SNARE Conduction COPII Selection of Fusogenic Forms of ER-Golgi SNAREs COPII employs a simple and direct mechanism to discriminate between the free and complexed forms of
The finding that COPII selectivity involves conformation as well as sequence determinants on Sed5 is not altoBet1 ( Figure 7A ). It seems that the LxxLE motif is buried fermenter (New Brunswick Scientific). Cultures were induced at OD 600 of 2.5-3 for 3 hr at 30ЊC. Wild-type and mutant SNARE-GST Crystallization and Structure Determination fusion proteins were purified as before, concentrated to between Purified, full-length Sec24 protein (150 mg) was subjected to limited 1-20 mg/ml depending on the SNARE protein, and stored at Ϫ80ЊC. proteolysis with chymotrypsin, which removes N-terminal residues For preparation of soluble v-/t-and t-SNARE complexes, 10-20 1-116, yielding a fairly homogeneous product, which was purified mg of total protein in ‫8ف‬ ml was mixed such that the SNARE proteins by gel-permeation chromatography. Protein was concentrated to were approximately equimolar and incubated overnight at 4ЊC. Pro-50 mg/ml in 200 mM NaCl, 20 mM HEPES [pH 7.3], 4 mM DTT, and teins were then separated by gel-permeation chromatography stored at Ϫ80ЊC.
(Superdex 200). SNARE complexes were separated from free monoCrystals were grown by the hanging-drop method. Protein solumers by this method, and were concentrated to ‫52ف‬ mg/ml tion (0.75 l) was mixed with an equal volume of 100 mM NaOAc We designed the peptide KDAESQS to lack hydrophobic residues beyond 2.5 Å resolution at a synchrotron source. and thereby minimize nonspecific interactions with the t-SNARE X-ray diffraction data were measured at beamlines X-9A (Sed5 complex that were evident when using peptide sequences with heliand DxE peptides; see Table 1) 
